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(71) We, Texas Instruments Incor- 
porated, a Corporation organized according 
to the laws of the State of Delaware, United 
States of America, of 13500 North Central 
5 Expressway, Dallas, Texas, United States of 
America, do hereby declare the invention, 
for which we pray that a patent may be 
granted to us, and the method by which it is 
to be performed, to be particularly described 
10 in and by the following statement:— 

This invention relates to integrated circuit 
devices including p-channel field effect 
transistors and processes for fabricating such 
circuits. 

It is frequently desired to fabricate 
differential /operational amplifiers which 
have high gain, a low noise figure, high 
output voltage swing and balanced amplifier 
stages. These requirements can be attained 
20 when good quality /r-channel and p-channel 
field effect transistors as well as NPN and 
PNP bipolar transistors are included on a 
single integrated circuit bar. However, prior 
differential/operational amplifier integrated 
25 circuits have not included" complementary 
field effect transistors, have low input im- 
pedances, and less than satisfactory output 
stage characteristics. There are numerous 
other design situations that cannot be satis- 
30 factorily met by known techniques but could 
be advantageously resolved by providing 
complementary /*- and p-channel field effect 
transistors of high quality and performance. 

It is an object of this invention to provide 
a method of fabricating an integrated circuit 
including a field effect transistor having a 
channel of p-type conductivity. 

According to one aspect of the invention 
there is provided a method of fabricating a 
semiconductor integrated circuit comprising 
forming a plurality of isolated semicon- 
ductor devices in a monolithic chip including 
forming a p type channel field effect tran- 
sistor by epitaxially growing an n-type layer 
45 of semiconductor material of over an rc-type 
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region diffused in one surface of, a semicon- 
ductor substrate, forming a p-tyoe channel 
region partially through the "epitaxially 
grown layer above said w-type region; diffus- 
ing isolation rings through the epitaxial layer 50 
about each of the electrical components in- 
cluding the field effect transistor; further 
diffusing downwardly the channel region and 
upwardly the w-type region diffused in the 
semiconductor substrate to form a p-n junc- 55 
tion in the epitaxial layer between said 
regions, and forming p-type source and 
drain regions, and an /*-type gate region in 
said channel region. 

According to a second aspect of the in- 60 
yention there is provided a semiconductor 
integrated circuit comprising a plurality of 
isolated semiconductor devices Including a 
p type channel field effect transistor formed 
in a monolithic chip, said field effect tran- 65 
sistor having a p-type region formed in a 
semiconductor substrate, a diffused w-type 
back gate region formed in said p-type 
region, an n-type epitaxial layer grown over 
said back gate region, a p-type channel 70 
region diffused partially through the epit- 
axial layer above said back gate region, said 
channel region extending downwardly and 
said back gate region extending upwardly to 
form a p-n junction therebetween in said 75 
epitaxial layer, isolation rings formed about 
each of the semiconductor devices including 
the field effect transistor, and p-type source 
and drain regions and an n-type front gate 
region formed in said channel region. 80 

In the accompanying drawings, in which 
various possible embodiments of the inven- 
tion are illustrated : — 

Figure 1 is a schematic or representational 
cross-section of a substrate illustrating p- 85 
type diffused regions of different circuit de- 
vices formed in the first of several succes- 
sive steps of the embodiment in which the 
several devices are concurrently fabricated; 

Figure 2 shows the regionally diffused 90 
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substrate of Figure 1 including further 
diffused n+ subepitaxial regions formed in 
a subsequent process step; 
Figure 3 illustrates the substrate of Figure 
5 2 following the formation of an epitaxial 
layer; 

Figure 4 shows the substrate of Figure 3 
after a second p-type diffusion step; 
Figure 5 illustrates the substrate of Figure 

10 4 after a third p-type diffusion to form iso- 
lation rings and after the p-type region of 
Figure 4 is further diffused or driven further 
into the epitaxial layer while the opposing 
n+ region is advanced to form a junction 

15 therewith; 

Figure 6 shows the substrate of Figure 5 
after a fourth p-type diffusion; 

Figure 7 illustrates the substrate of Figure 
6 following a second n-type diffusion; and 

20 Figure 8 is a schematic or representational 
cross-section of a substrate illustrating an- 
other embodiment of this invention. 

Corresponding reference characters indic- 
ate corresponding parts throughout the 

25 several views of the drawings. 

Referring now to Figures 1-7 of the draw- 
ings, the starting material for a first method 
of fabricating the devices or integrated cir- 
cuits of this invention is a slice or substrate 

30 10 sawed from single crystal silicon 3-5° off 
of 1-M orientation and lightly doped with 
a suitable w-type dopant, such as phos- 
phorus, and having a typical resistivity of 
approximately 10-20 ohm-cm. It is mecha- 

35 nically polished to a mirror smooth finish 
and thermally oxidized at a temperature of, 
typically, 1200°C. Throughout the following 
description conventional techniques of 
photoresist operations, masking, etching and 

40 acid clean-up steps are utilized, all as well 
known to those skilled in this art, and in 
order to avoid obscuring the important 
process steps and structural aspects of this 
invention these conventional techniques will 

45 not be described or illustrated. 

The first diffusion step is carried out to 
form p-type conductivity regions I2a-d 
(Figure 1) into one face of substrate 10 in 
the areas or zones NC, PC, NPN and PNP 

50 defined by appropriate diffusion windows 
(not illustrated) in a conventional masking 
layer. A p-type impurity, such as boron, is 
employed in this conventional diffusion step 
(e.g., boron tribromide at 850°C. for about 

55 one hour followed by heating in an oxygen 
atmosphere at 1250°C. for about 40 hours) 
simultaneously to form these first p-type 
regions 12a-d in substrate 10, each having a 
depth of about 100 lines and a surface con- 

60 centration of approximately 10 16 atoms/cm. 
Region 12a will provide a back gate for an 
w-channel FET (field effect transistor) while 
regions 12k 12c and I2d will provide elec- 
trical isolation for a p-channel FET, an NPN 

65 vertical bipolar transistor, and a PNP sur- 



face bipolar transistor, respectively. 

A first Ai-type diffusion is performed 
through appropriate windows (not shown) 
in zones PC, NPN and PNP to effect a 
relatively slow diffusion of an /Mype 70 
diffusant (such as antimony or arsenic) by 
conventional diffusing techniques to form . 
subepitaxial n+ regions 146, 14c and \4d 
(Figure 2). These regions are relatively 
heavily doped, having a surface concentra- 75 
tion of about 10 19 atoms /cm 3 and extend into 
p-type regions 126-rf about 50 lines. Region 
146 forms a back gate for the p-channel 
FET being formed in zone PC. Region 14c 
forms a low resistivity subsurface path for 80 
current to the collector region of the NPN 
transistor being formed in zone or substrate 
portion NPN. Region I4d serves to prevent 
parasitic PNP action relative to substrate 
10. The oxide layers resulting from this 85 
diffusion are removed and the slice surface is 
cleaned and prepared for epitaxial layer 
growth. 

A lightly doped w-type epitaxial layer 16 
is then erown (Figure 3) to a depth of 90 
0.35-0.40 "mils by any suitable customary 
epitaxial process, such as thermally decom- 
posing trichlorosilane in a hydrogen atmos- 
phere^containing a few parts per million of 
arsene. The resistivity of epitaxial layer 16 95 
is in the range 2-4 ohm-cm. A second p-type 
diffusion is then performed through a 
window (not shown) to extend partially 
throuah epitaxial layer 16 in zone PC 
(Figure 4) "to form a lightly doped p-type 100 
reeion 186. Again this is done by conven- 
tional diffusion methods such as by a rela- 
tively low temperature (e.g. 850°C.) diffusion 
for about one" hour using boron tribromide 
in nitrogen as the impurity source followed 105 
by heatins in a steam atmosphere at 1000°C 
for another 1-2 hours. The depth of this 
p-type diffused region is about 8 lines and 
has a surface concentration of approximately 
10 M atoms/cm 3 . This region will form the 110 
channel region of the p-channel FET. 

After removing narrow bands of the re- 
sulting oxide (on the upper face of layer 16) 
around the peripheries of zones NC, PC, 
NPN and PNP, a p-type dopant, e.g., boron, 115 
is diffused into and through the epitaxial 
layer 16 to form heavily doped p+ barrier 
or isolation rings 20a-20d (Figure 5) which 
contact the peripheries of p-type regions 
I2a-I2d respectively, and which have a sur- 120 
face concentration of about 10 20 atoms /cm 3 . 
This diffusion is performed by heating the 
slice 10, for example, in an atmosphere of 
boron tribromide in nitrogen at a tempera- 
ture of 1150°C. for about an hour followed 125 
by further heating in an oxygen atmosphere 
at 1250°C. for about another 2 hours. Not 
only are the p-type barrier rings 20a-20d 
formed (which permits effective isolation of 
each of the devices from the /7-type substrate 130 
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by reverse biasing), but this effects a further 
diffusion which drives the n + regions 146-d 
upwardly into the epitaxial layer as indicated 
by the dashed lines in Figure 5. Con- 
5 currently this further diffusion causes the 
lower or opposing surface of p-type region 
186 to move downwardly about 7 lines to 
form a junction or interface with /r-type 
region 146. It is to be understood that this 

10 further diffusion may be performed indepen- 
dently instead of concurrently with 
the fourth diffusion forming the barrier or 
isolation rings. It will also be noted that the 
first p-type regions 12a-12d also are driven 

15 upwardly as indicated in Figure 5 by the 
dashed lines. As the epitaxial layer 16 is 
about 0.35 mils or about 30 lines in depth 
and the fronts of p-type regions 12a and 126 
and the front of the /?+ region 14ft have 

20 moved or further diffused upwardly about 
15 lines, this provides channel regions 22a 
and 22ft in zones NC and PC of about 15 
lines in depth. That is, the fronts of regions 
12a, 126 and 146 at the interfaces between 

25 these regions and the undersurface of the 
epitaxial layer 16 move at substantially the 
same rate upwardly into layer 16 and at a 
rate somewhat more rapid than the down- 
ward advancing of the lower face of region 

30 186. Thus the depths (the distances between 
the top of epitaxial layer 16 and the 
advanced fronts of regions 12a, 126 and 146) 
of channels 22a and 226 of both the «- 
channel and p-channel FETs being formed 

35 are substantially identical. Thus, this further 
diffusion step permits an advantageous close 
and convenient control of the depths of these 
channel regions and provides a marked im- 
provement in the quality and characteristics 

40 of the it* and p-channel FETs fabricated in 
accordance with this invention. 

A further p-type diffusion is performed 
(Figure 6) by conventional methods (e.g., 
boron tribromide at 975°C. for about i hour 

45 followed by further heating at 1150°C. for 
about 1 hour) to convert the n-type epitaxial 
layer 16 in regions 24a, 2Abs t 24bd f 24c, 
2Adc, 24ae and R to p-type regions having 
a depth of about 8 lines and a typical surface 

50 concentration (boron) of about 5 X 10" 
atoms/ cm 3 . Region 24a of zone NC con- 
stitutes a diffused front gate of the w-channel 
FET being formed and is of strip form inter- 
secting isolation ring 20a which is in turn 

55 electrically connected to the back gate region 
12a Regions 246,y and 246rf form the source 
and drain contacts of the p-channel FET 
being fabricated in zone PC. P-type region 
24c forms the base of the NPN transistor in 

60 zone NPN, while region 24dc forms a ring 
shaped collector and region 24dc constitutes 
an emitter for PNP transistor in zone PNP. 
Region R forms a diffused surface resistor 
of a desired length. 

65 An n-type impurity, such as phosphorus, 



is employed in a second w-type, and final, 
diffusion to form relatively heavily doped 
(surface concentration of about IQr 1 atoms/ 
cm 3 ) ra+ regions 26as, 26ad, 266, 26ce, 26cc 
and 26d having a depth of about 6 lines. 70 
Regions 26as and 26ad form source and 
drain contacts for the w-channel FET fabri- 
cated in zone NC, while 266 forms the 
diffused front gate region of the p-channel 
FET fabricated in zone PC. This region 266 75 
extends into the epitaxial layer 10 in zone 
PC and is therefore connected therethrough 
to the n+ back gate region 146. N+ regions 
26ce and 26cc respectively form the emitter 
and the collector contact of the NPN vertical 80 
bipolar transistor fabricated in zone NPN. 
Region 26d constitutes the base contact for 
the surface bipolar PNP transistor formed 
in zone PNP. 

The integrated circuit devices are com- 85 
pleted by customary selective etching and 
applying metal where desired by conven- 
tional evaporation and photoresist-etch tech- 
niques thereby to form the ohmic connec- 
tions and interconnections and the surface 90 
metal leads desired. 

Thus the above described exemplary 
process of the present invention not only 
fabricates p-channel FET devices, but can 
concurrently fabricate high quality n- 95 
channel FET devices, complementary NPN 
and PNP transistors, and resistors all on 
the same monolithic integrated circuit chip. 
It will be understood that subepitaxial re- 
sistors and other structures known to those 100 
skilled in the integrated circuit art may be 
conveniently included without further sub- 
stantial process steps. Also, it should be 
noted that if no n-channel FET is to be 
concurrently fabricated, a lightly doped p- 105 
type (instead of an rc-type) silicon slice or 
substrate 10 is used for the starting material 
and the first p-type diffusion is omitted. The 
p-channel FET so fabricated effects virtu- 
ally no degradation in the other devices 110 
formed on the same integrated circuit slice 
and provides additional design flexibility 
and improved circuit performance. For ex- 
ample, on all FET amplifier and other versa- 
tile designs optimizing performance beyond 115 
previously attainable capabilities may be 
fabricated in accordance with this invention. 
Differential /operational amplifiers so fabri- 
cated have a high gain, a low noise figure, 
high output voltage swing and well-balanced 120 
amplifier stages. 

Figure 8 illustrates an alternative embodi- 
ment demonstrating the flexibility of the 
methods of the present invention. In this 
instance a lightly doped p-type silicon sub- 125 
strate or slice 10a is employed as a starting 
material rather than the n-type slice 10. As 
no /i-channel FET is to be formed, the first 
diffusion to form the p-type diffused regions 
12a~d is eliminated. In Figure 8 therefore 130 
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the portions of the p-type substrate under- 
lying the zones where devices PC, NPN' 
and PNP' are formed constitute the first p- 
type regions of these devices. In all other 
5 respects the process steps for fabricating the 
integrated circuit of Figure 8 are the same 
as described above in regard to Figures 1-7. 
the first diffusion in this latter exemplary 
method being the n-type diffusion to form 

10 n-type regions The p-channel 

FET formed in zone PC, the vertical bipolar 
NPN transistor formed in zone NPN', and 
the surface bipolar PNP transistor formed in 
zone PNP' are virtually respectively identical 

15 to those described in Figures 1-7, the re- 
ference numerals in Figure 8 being an- 
notated with a prime designation to refer to 
regions which correspond to. those already 
described above. 

20 

WHAT WE CLAIM IS: — 

1. A method of fabricating a semicon- 
ductor integrated circuit comprising forming 
a plurality of isolated semiconductor devices 

25 in a monolithic chip including forming a p- 
type channel field effect transistor by epit- 
axially growing an n type layer of semi- 
conductor material over an n type region 
diffused in one surface of a semiconductor 

30 substrate, forming a p-type channel region 
partially through the epitaxially grown layer 
above said n-type region; diffusing isolation 
rings through the epitaxial layer about each 
of the electrical components including the 

35 field effect transistor; further diffusing down- 
wardly the channel region and upwardly the 
n-type region diffused in the semiconductor 
substrate to form a p-n junction in the epit- 
axial layer between said regions, and form- 

40 ing p-type source and drain regions and an 
n-type gate region in said channel region. 

2. A method according to Claim 1, 
wherein said //-type region is formed by 
diffusing n-tyoe conductivity producing 

45 material into a first p-type region in said 
one substrate surface. 

3. A method according to Claim 2, 
wherein said first p-type region is formed 
by diffusing a p-type conductivity, producing 

50 material into said one surface of an n-type 
substrate. 

4. A method according to Claim 2 or 3 
wherein a vertical bipolar NPN transistor is 
also formed by diffusing during the first w- 

55 type diffusion and prior to growing the 
n-type epitaxial layer another n-type region 
into another p-type region underlying the 
area where the n-p-n transistor is to be 
formed; and after growing the n-type epit- 

60 axial layer on the substrate diffusing a p- 
type base region partially through said 
n-type epitaxial layer during the diffusion of 
the p-type source and drain regions for the 
p-channel field effect transistor; and diffus- 

65 ing a n-type emitter region partially through 



the base region and a n-type collector con- 
tact region partially through the n-type 
epitaxial layer during the diffusion of the 
n-type gate region for the p-channel field 
effect transistor. 70 

5. A method according to any of Claims 
2 to 4, wherein a surface bipolar PNP tran- 
sistor is also formed by diffusing during the 
first /r-type diffusion and prior to growing 
the n-type epitaxial layer another /r-type 75 
region into another p-type region underlying 
the area where the p-n-p transistor is 
formed, and after growing the n-type epit- 
axial layer on the substrate diffusing p-type 
emitter and collector regions partially 80 
through the epitaxial layer during the 
diffusion of the p-type source and drain 
regions for the /7-channel field effect tran- 
sistor and a n-type base contact region par- 
tially through the epitaxial layer during the 85 
diffusion of the n-type gate for the p-channel 
field effect transistor. 

6. A method according to any preceding 
Claim wherein a n-channel field effect tran- 
sistor is formed simultaneously with the p- 90 
channel field effect transistor by diffusing 
during the diffusions of the p-type source 
and drain regions for the p-channel field 
effect transistor a p-type gate region on an 
n-type region to form the channel of the 95 
//-channel field effect transistor in the n-type 
epitaxial layer over a p-type region diffused 

in the substrate, and diffusing //-type source 
and drain contact regions for the channel of 
the n-channel field effect transistor during 100 
the diffusion of the n-type gate region of the 
p-channel field effect transistor. 

7. A method according to any of Claims 
2 to 6 wherein the circuit components are 
isolated by diffusing through the epitaxial N» 
layer into the first p-type regions p-type 
isolation rings which are more heavily doped 
than adjacent p-type regions. 

8. A method according to Claim 7, 
wherein said p-type isolation rings are 110 
formed during the further diffusion of said 
p-type channel region downwardly into the 
epitaxial layer and said n-type region up- 
wardly into said epitaxial layer. 

9. A method according to Claim L 115 
wherein the n-type epitaxial layer is grown 
over a n-type region diffused into a substrate 

of p-type conductivity; the p-type channel 
region ~is formed by diffusing partially 
through the aforesaid epitaxial layer, the 120 
isolation rings are diffused through the epit- 
axial layer to the p-type substrate while 
diffusing the p-type channel downwardly 
and the n-type region of the substrate up- 
wardly to form a junction. 9 125 

10. A semiconductor integrated circuit 
comprising a plurality of isolated semicon- 
ductor devices" including a p-type channel 
field effect transistor formed in a monolithic 
chip, said field effect transistor having a 130 



5 1 278 281 5 

— . 1 . 



p-type region formed in a semiconductor 
substrate, a diffused /r-type back gate region 
formed in said p-type region, an /i-type 
epitaxial layer grown over said back gate 
5 region, a p-channel region diffused partially 
through the epitaxial layer above said back 
gate region, said channel region extending 
downwardly and said back gate region ex- 
tending upwardly to form a p-n junction 

\Q therebetween in said epitaxial layer, iso- 
lation rings formed about each of the semi- 
conductor devices including the field effect 
transistor, and p-type source and drain 
regions and an n-type front gate region 

15 formed in said channel region. 

11. A semiconductor integrated circuit 
according to Claim 10, which further in- 
cludes a /i-channel field effect transistor 
complementary to said p-channel field effect 

20 transistor, said n-channel field effect tran- 
sistor comprising a p-type back gate region 
formed during the formation of the first- 
mentioned p-type region for the p-channel 
field effect transistor, said back gate region 

25 being covered by said n-type epitaxial layer, 
said p-type back gate region being diffused 
upwardly to form an advance front p-n 
junction in said epitaxial layer at a depth 



substantially identical to that of the junction 
formed in the p-channel field effect tran- 30 
sistor, a diffused front gate of p-type con- 
ductivity formed during diffusion of the 
source and drain regions of the p-channel 
field effect transistor, and n-type source and 
drain regions formed in said epitaxial layer 35 
during diffusion of the front gate region of 
the p-channel field effect transistor. 

12. A method of fabricating a semicon- 
ductor integrated circuit substantially as 
herein described with reference to Figures 1 40 
to 7 of the accompanying drawings. 

13. A semiconductor integrated circuit 
substantially as herein described with 
reference to Figure 7 or 8 of the accompany- 
ing drawings. 45 

14. A semiconductor integrated circuit 
fabricated by a method according to any of 
Claims 1 to 9 and 12. 

ABEL & IMRAY, 

Chartered Patent Agents, 

Northumberland House, 
303-306 High Holborn, 
London WC1V 7LH. 
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